Anionic polymers with membrane permeation functionalities are highly desirable for secure cytoplasmic drug delivery. We have developed tritryptophan containing copolymer (P/WWW) of polymalic acid (PMLA) that permeates membranes by a mechanism different from previously described PMLA copolymers of trileucine (P/LLL) and leucine ethyl ester (P/LOEt) that use the "barrel stave" and "carpet" mechanism, respectively. The novel mechanism leads to solubilization of membranes by forming copolymer "belts" around planar membrane "packages." The formation of such packages is supported by results obtained from studies including size-exclusion chromatography, confocal microscopy, and fluorescence energy transfer. According to this "belt" mechanism, it is hypothesized that P/WWW first attaches to the membrane surface. Subsequently the hydrophobic tryptophan side chains translocate into the periphery and insert into the lipid bilayer thereby cutting the membrane into packages. The reaction is driven by the high affinity between the tryptophan residues and lipid side chains resulting in a stable configuration. The formation of the membrane packages requires physical agitation suggesting that the success of the translocation depends on the fluidity of the membrane. It is emphasized that the "belt" mechanism could specifically function in the recognition of abnormal cells with high membrane fluidity and in response to hyperthermia.
Introduction
Delivery of drugs through membrane barriers is an issue in modern nanomedicine comparably important with high water solubility, biodegradability, absence of toxicity, and immunogenicity. A polymeric nanoplatform meeting these requirements and with excellent ability to deliver a multitude of different drugs and/or imaging agents is polymalic acid (PMLA) [1] . Its chemical polyfunctionality enables not only delivery of drugs and imaging agents but also the conjugation of functional groups which can interact with biological membranes and influence cellular uptake, subcellular compartmentation, cell viability, and last but not least the efficiency of drug delivery [2, 3] . The understanding of the interaction of a polymer platform and its covalent payload regarding permeation of membrane barriers is thus highly desirable. For instance, amphiphilic polyanions functioning in membrane permeation have been proven valuable for cytoplasmic delivery of nucleic acid based and small molecular therapeutics [4] [5] [6] [7] .
We have explored poly( -L-malic acid) (PMLA) as the molecular platform to deliver antisense oligonucleotides [8] [9] [10] , chemotherapeutic drugs [11, 12] , and cancer imaging agents [13] . When conjugated with certain hydrophobic amino acids, the natural hydrophilicity of PMLA was controlled and tuned to become lipophilic for cytoplasmic delivery through endosomal membranes [14] . Lipophilization involved amide-conjugation of the oligopeptides trileucine (LLL) or tritryptophan (WWW) and also leucine ethyl ester (LOEt). The substituted PMLA acquired the properties for pH-responsive and constitutive permeation of lipid membranes [14] . These membrane permeating activities depending on the nature of the amino acid side chain were identified using an in vitro liposome leakage assay. The 2 Journal of Nanomaterials leakage inducible mode of interaction between polymer and membrane was best described for PMLA/LLL to follow the "barrel stave" mechanism and for PMLA/LOEt the "carpet" mechanism [15] . The mechanism for PMLA/WWW did not follow either of these mechanisms, and experimental evidences are presented here together with a view of the mechanism.
Typically the "carpet" and "barrel stave" mechanisms [16] involve a primary complex of the polymer with the membrane at the membrane surface. However, in the case of P/LLL, several molecules of the polymer interact to form a barrel-like structure that insert into the core of the lipid membrane [15, 17, 18] , while in the "carpet" model P/LOEt molecules approach the membrane and align with head groups of phospholipids at the surface with the LOEt groups inserting into the membrane [15, 17, 18] . The third possible mode of interaction with membrane has been proposed to involve "belt formation." This mode has rarely been applied for describing a polymer-membrane interaction. It has been proposed to describe membrane protein complexes in the form of nanodiscs generated by high-density lipoprotein (HDL) [19] [20] [21] . In the "belt formation" model, two or more apolipoprotein molecules A-I (apoA-I) arrange like a belt around alkyl chains of the lipid bilayer resulting in a discoidal structure [22] . For the purpose of stabilizing membrane homed protein lipid interactions, amphipathic polymers have been reported to form small packages consisting of lipids and membrane proteins [23] . In this context, functional membrane protein has been encapsulated by styrene maleic acid (SMA) copolymer directly from the membrane into a nanoscale lipid particle [24] . While these studies report on the copolymer-assisted isolation of membrane standing proteins into small lipid entities, our contribution reports on the packaging of membranes in the absence of proteins.
We studied the mode of action of membrane permeation and solubilization by P/WWW using model lipid membranes such as liposome and giant unilamellar vesicle. Various techniques were used to probe the interaction between lipid and P/WWW including size-exclusion HPLC (SE-HPLC) confocal microscopy, fluorescence resonance energy transfer (FRET), and transmission electron microscopy (TEM). The experimental results will be examined in the light of the three mechanisms, "barrel stave," "carpet," or "belt formation."
Materials and Methods

Materials.
Poly( -l-malic acid) (PMLA) (75 kDa; polydispersity 1.3) was obtained from culture broth of Physarum polycephalum as described [1, 25] . Tritryptophan H-Trp-TrpTrp-OH (WWW), trileucine H-Leu-Leu-Leu-OH (LLL), and H-Leu-OEt (LOEt) were purchased from Bachem Americas Inc. (Torrance, CA, USA). Rhodamine Red C2 maleimide (Rh) was purchased from Invitrogen (Carlsbad, CA, USA). Egg PC (L--phosphatidylcholine) and 1,2-dioleoyl-snglycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol was from SigmaAldrich (St. Louis, MO, USA).
Synthesis of P/WWW
and P/LOEt. PMLA copolymers P/WWW and P/LOEt (for structures, see Figure 1 ) have been synthesized based on the method previously described [8, 14] . Briefly, to a 0.2 mL solution of PMLA (25 mg, 0.22 mmol equivalent of malic acid) in acetone was added a mixture of N-hydroxysuccinimide (NHS, 25 mg, 0.22 mmol) and dicyclohexylcarbodiimide (DCC, 47 mg, 0.22 mmol) in 0.2 mL DMF. After 2 hr stirring at room temperature, HTrp-Trp-Trp-OH (50 mg, 0.088 mmol, 40% equivalent to the total malyl groups) dissolved in DMF. The completion of conjugation was verified by TLC (ninhydrin test). Unreacted N-hydroxysuccinimidyl ester was hydrolysed by the addition of 1 mL phosphate buffer (100 mM pH 6.8).
The dicyclohexylurea precipitate was removed by filtration. The product P/WWW was purified over PD-10 column to remove organic solvent and residual small molecules (GE Healthcare). P/LOEt was prepared similarly.
Synthesis of Fluorescent Rhodamine Labeled P/WWW/Rh
and P/LOEt/Rh. To prepare P/WWW/MEA, the remaining unreacted N-hydroxysuccinimidyl ester was used for conjugation of 2-mercaptoethylamine hydrochloride (MEA, 1.6 mg, 0.012 mmol, 2% equivalent to the total malyl groups) in the presence of triethylamine (2.4 L). Reaction completion after 30 min was tested on TLC with ninhydrin. Remaining unreacted N-hydroxysuccinimidyl ester was hydrolysed by the addition of phosphate buffer pH 6.8. The product P/WWW/MEA was purified over PD-10 column (GE Healthcare). P/LOEt/MEA was prepared similarly.
Rhodamine Labeled Copolymers P/WWW/Rh and P/LOEt/ Rh. To the solution of P/WWW/MEA or P/LOEt/MEA (1.7 mg each) in phosphate buffer (100 mM pH 6.3) was added rhodamine Red C2 maleimide (1% equivalent to total malyl group) dissolved in DMF. The reaction was kept dark at room temperature with shaking for 2 hours. Unreacted thiols on polymer were blocked with excess of 3-(2-pyridyldithio)-propionate (PDP) at room temperature. The product P/WWW/Rh was purified over PD-10 column.
Solubilization of Multilamellar
Vesicles by P/WWW. Egg PC 5 mg and cholesterol 1.25 mg were dissolved in 0.5 mL chloroform and 0.25 mL methanol in each of four glass vials. The solvent was removed by N 2 stream to form a thin film on the wall of the vial. Residual solvent was removed by vacuum evaporation for 2 h at room temperature. PBS 1 mL was added to the lipid film which was suspended by vortexing and shaking for 30 min. The suspension contained multilamellar vesicles (MLV) as visualized by microscopy. Mixtures containing the MLV suspension and P/LOEt, PWWW, P/LLL 0.5 mL (5 mg/mL), or PBS 0.5 mL were prepared in different vials. The final concentrations for lipid and polymers were 3.3 mg/mL and 1.7 mg/mL, respectively. After three times of shaking for 30 min, sonication for 10 min at room temperature, and standing at 4 ∘ C overnight, the transparency was checked visually. Each suspension was then centrifuged, filtered through a 0.2 m membrane filter before the hydrodynamic diameter of particles in the filtrate was measured by Zeta-sizer Nano-ZS90 (Malvern Instruments, UK). 
Figure 1: Structure of polymalic acid and polymalic acid copolymers P/LOEt, P/WWW, and P/LLL which are grafted with either 40% of leucine ethyl ester (P/LOEt), or 40% of tritryptophan (P/WWW), or 40% of trileucine (P/LLL), respectively. Through passage through 0.2 m filters solid aggregates were removed without effect on vesicle preparation.
Complexes between P/WWW and Liposome Detected by Size-Exclusion HPLC (SE-HPLC)
. Phosphatidylcholine/ cholesterol liposome was prepared by the extrusion method as previously reported [8, 14, 15] . Briefly, the mixture of egg yolk phosphatidylcholine 25 mg and cholesterol 6.4 mg (molar ratio, 2 : 1), dissolved in CHCl 3 /MeOH (v/v, 2 : 1), was dried under a stream of nitrogen for 1 h. For hydration, the lipid mixture was hydrated in PBS buffer 1 ml and liposomes were prepared by 15 extrusions through a 0.1 m polycarbonate membrane using a miniextruder (Avanti Polar Lipids, AL, Alabama). Liposome was purified using a Sephadex G-50 (GE Healthcare, Piscataway, NJ, USA) column (1.5 × 6 cm).
Liposome 80 L (2.5 mg/mL) was mixed with varied amount of P/WWW and P/LOEt in 0, 10, 20, and 40 L (2.5 mg/mL) in PBS with final volume adjusted to 200 L with PBS. Samples of 20 L of the mixture were injected for SE-HPLC on PolySepGFC-P 4000 (Phenomenex, Torrance, CA, USA) using PBS as a running buffer.
Transmission Electron Microscopy.
The vesicle prepared by liposome complexation with P/WWW (ratio 2 : 1) was kept at room temperature for 30 min. It was then diluted to 1 g/mL (concentration of Egg PC) with PBS. The nanoparticle was used for TEM analysis without further purification. Briefly, copper grids (300 mesh) coated with carbon (CF300-CU, Electron Microscopy Sciences, Fisher Scientific, Pittsburgh, PA) were inverted, carbon surface down, onto 8 L droplets of sample solutions placed on Parafilm. After 5 min, excess liquid was wicked off and the grids were placed onto individual droplets of PBS for 2 minutes. After wiping out excess PBS by Whatman filter paper, grids were placed on aqueous 2% phosphotungstic acid at pH 7.0. After 2 min, excess stain was removed and the grids were allowed to dry overnight under vacuum in a desiccator. Images were taken on a JEM 100CX II electron microscope (JEOL USA, Huntington Beach, CA) at 80 kV and collected using an AMT CCD camera (AMT Imaging Software, Woburn, MA).
Binding of P/WWW to Giant Unilamellar Vesicles Followed by Confocal Microscopy. Giant unilamellar vesicles (GUVs)
were prepared by the evaporation method [8, 26] . The GUVs have the same lipid composition as the liposomes (Egg PC) for the leakage assay with additional 1% (molar) green fluorescent L--phosphatidylethanolamine-N-(4-nitrobenzo-2-oxa-1,3-diazole) (NBD-PE). For confocal microscopy, the GUVs were incubated with 20 g/mL of rhodamine labeled P/WWW/Rh in PBS for 30 min at room temperature (GUV/copolymer weight ratio, 8 : 1). A TCS SP5× spectral scanner (Leica Microsystems) was used with spectral settings: for NBD, excitation 490 nm and emission 505-546 nm and for rhodamine, excitation 552 nm and emission 563-626 nm.
Fluorescence Resonance Energy Transfer (FRET).
Liposome containing 1% NBD-PE was prepared using extrusion method [8, 15] as previously described (50 g/mL) and was incubated with different concentration of rhodamine-P/WWW and rhodamine-P/LOEt, 0, 0.1, 0.2, and 0.4 M in PBS (concentration of rhodamine) for 30 min. The fluorescence intensity of the mixture was recorded from wavelength 500-620 nm (excitation wavelength of 460 nm) on SPECTRAmax M2 (Molecular Devices) using the SoftMax Pro 5.4.1.
Results
Solubilization of Lipid by P/WWW.
Previously we reported induction of liposome leakage at pH 5.0 and/or pH 7.4 for the copolymers P/LLL, P/LOEt, P/LWL, and P/WWW [14] . We identified the mechanisms for membrane permeation of P/LLL and P/LOEt following two distinct mechanisms: "barrel stave" and "carpet" [15] . The interaction between P/WWW and lipid membrane, however, appeared to be different in many ways.
The experimental conditions used here resemble those of previous investigations to allow comparison with the membrane effects of P/LLL and P/LOEt and other PMLA based copolymers [14, 15] . P/WWW is different by the unique capability to solubilize lipid multilamellar vesicles (MLV) of Egg PC. Before the addition of copolymers, the MLV suspension appeared turbid and opaque (Figure 2(a) , blank). MLV treated with P/LLL and P/LOEt remained to be turbid and opaque (Figure 2(a) ). In contrast, the lipid suspension treated with P/WWW became clear and almost transparent (Figure 2 (a)) suggesting that P/WWW was able to solubilize lipid membrane by forming soluble complexes. Such soluble complexes were not evident after treatment with P/LOEt and P/LLL.
For further analysis, the solubilized P/WWW-lipid mixture was centrifuged at 5000 rpm for 5 min and passed through a 0.2 m filter to remove insoluble aggregates. By dynamic light scattering the pass-through contained particles with a hydrodynamic diameter of 33 nm (Figure 2(b) ) which was referred to as the formed P/WWW-lipid complex. The lipid mixture with P/LOEt and P/LLL was processed in the same way, but particles of any size could not be detected after filtration. This confirms that exclusively P/WWW was able to solubilize the membrane by the formation of copolymerlipids complexes.
Analysis of Particles from P/WWW Liposome Mixtures by Size-Exclusion HPLC (SE-HPLC).
We further analyzed whether the solubilization of liposome and the formation of nanoparticles depended on the concentration ratio liposome to P/WWW. The treatment with P/LOEt was used as a negative control. Liposomes with an average size of 100 nm were fabricated by the membrane extrusion method indicated by SE-HPLC analysis and a single peak at 5.1 min retention time was observed for the untreated liposome (Figure 3(a) , curve (D)). When the liposome had been treated with P/WWW (liposome : P/WWW weight ratio 8 : 1; see Methods), a broad peak at 7 min retention time appeared while the intensity of the liposome peak (at 5.1 min) had decreased slightly Journal of Nanomaterials The morphology of the P/WWW liposome particle (same composition as panel (a) liposome/copolymer weight ratio 2 : 1, curve (A)) was analyzed by transmission electron microscopy (TEM). The particle appears to be round in shape and of varying diameter suggesting that the particles derived from liposome/P/WWW were polydisperse with an average size close to 10 nm.
( Figure 3(a) , curve (C)). This trend of a decreasing peak of liposome and formation of a broad peak at 7 min continued at ratios 4 : 1 and 2 : 1 (Figure 3(a) , curves (B) and (A)). At the ratio of 2 : 1, the peak of liposomes at 5.1 min had almost disappeared, while the complex peak at 7 min was greatly enhanced and slightly shifted to the right (in the direction to the elution of smaller particles). The copolymer P/WWW alone in the same concentration as in the mixture liposome-P/WWW (2 : 1) showed a broad peak of low intensity and apparent trailing at 8.2 min retention time (Figure 3(a) , curve (E)). This profile (curve (E)) suggested that P/WWW alone strongly adsorbed to the column material resulting in the observed extremely broad distribution extending beyond 10 min elution time. When P/WWW was complexed with liposome, it became less adsorbed by the SE-HPLC material and the majority of P/WWW eluted together with lipids as is noted by the greatly enhanced absorbance at 220 nm wavelength contributed by GUV membrane Overlay P/WWW Figure 4 : Fluorescent confocal microscopy study of binding P/WWW to giant unilamellar vesicle (GUV). P/WWW was labeled with rhodamine (red) and the GUV was labeled with NBD (green) (GUV/copolymer weight ratio 8 : 1). The fluorescence of P/WWW overlays with that of GUV indicating the binding of P/WWW to the membrane of GUV. the tryptophan residues (curves (A) and (B) in comparison with free liposome in curve (D) and free P/WWW in curve (E)). The complexation of lipids and P/WWW (the peak of curve (A) in Figure 3(a) ) is indicated by the characteristic 280 nm absorbance of its UV spectrum (Figure 3(b) , upper panel), while liposomes alone do not show this (Figure 3(b) , lower panel). The broad half-width of peaks in curves (A) and (B) in Figure 3 (a) suggests a broad size distribution of nanoparticles also noted by transmission electron microscopy (TEM) in Figure 3(d) . In summary, the results in Figure 3 by SE-HPLC, an experiment independent of the lipid solubilization in Figure 2 , demonstrate that P/WWW solubilizes liposomes by forming small nanoparticles through complex formation.
In contrast with the effect of P/WWW, the negative control P/LOEt did not show evidence for liposome dissolution as indicated by the fact that P/LOEt (peak 7.8 min, Figure 3 (a), curve (F)) showed no change after mixing with liposome (peak 7.8 min, curve (G)). A slight shift of the liposome peak from 5.1 min to 4.9 min was noticed (curve (G)). This could be the result of the binding of P/LOEt by liposomes which would give rise to a slight increase in size [15] . However the majority of P/LOEt was not complexed with liposome and there was no additional peak forming at 7 min as P/WWW did. Therefore, even though P/LOEt was able to bind to liposome, it was not able to induce solubilization.
For further characterization, the hydrodynamic diameters were measured by dynamic light scattering. The diameters for liposome, P/WWW, and the liposome-P/WWW complex, at a weight ratio liposome : P/WWW of 2 : 1, were 109 ± 2.3, 3.3 ± 0.2, and 10.6 ± 0.8 nm (Figure 3(c) ). P/WWW alone indicated an apparent hydrodynamic diameter less than the apparent diameter of 4.5 nm reported for free polymalic acid of molecular weight 50 kDa [27] . In P/WWW the tritryptophan residues are statistically distributed over the length of the polymer platform (PMLA). Moreover, the tripeptide moieties contain a terminal carboxylate. Because of this and because of the experimental finding P/WWW diameter < PMLA diameter, formation of P/WWW micelles is considered unlikely. By the similar criteria, the absence of micelle formation is also in agreement with the absence of micelles for P/LLL and P/LOEt. On that basis we consider P/WWW as freely dissolved molecules. The diameter of liposome-P/WWW complex was 10.6 nm, less than the one of 33 nm diameter in Figure 2 , and refers to different experimental conditions as well as concentration ratios.
The morphology of the liposome derived P/WWW complex was visualized by transmission electron microscopy (TEM). In Figure 2 , the median particles show diameters of 10 nm, consistent with the diameter 10.6±0.8 nm determined by dynamic light scattering. The size variations of the formed particles are in agreement with the observed broad width of SE-HPLC elution peaks (Figure 3(a) , curves (A) and (B)).
Confocal Microscopy Study of P/WWW Binding to Lipid
Membrane. SE-HPLC analysis has indicated that P/WWW reacted with liposomes suggesting that P/WWW complexed with liposomal membranes before solubilization. Giant unilamellar vesicles (GUVs) of large-sized membranes (∼10 m in diameter) were employed for visualizing the complex formation using confocal microscopy ( Figure 4 ). The concentration of P/WWW (20 g/mL) was low and insufficient to provoke solubilization without agitation. Under this condition, the membrane of GUVs was seen intact as disintegration was not observed. GUVs contained 1% phosphatidylethanolamine lipid fluorescently labeled with NBD (NBD-PE) at the head groups (Figure 4 , middle, in green). P/WWW was labeled with rhodamine fluorescence and colocalized with the membrane (in red, Figure 4 , left). This suggested that P/WWW had affinity for the liposome lipid membrane to form P/WWW-lipid complexes. It was considered that this complexation would be on the reaction path to membrane solubilization under condition of high P/WWW concentrations (elevated P/WWW/liposome ratio, 8 : 1). However, previous studies by confocal microscopy of liposomes probed with P/LOEt were also seen to bind P/LOEt [8, 15] , yet P/LOEt was not able to solubilize the membrane at any concentration. It is evident from these studies that liposome binding and appropriate concentrations are not Journal of Nanomaterials the only requirements for membrane solubilization. Metastability of GUV-copolymer particles could be a concern. It has been reported that GUV and SUV (small unilamellar vesicle) may break into smaller mixed micelles after long time incubation with amphiphilic copolymers [28, 29] . However, our measurement of GUV binding with P/WWW was not affected by such metastability during our experimental time, but we do not rule out that metastability exists during the binding of P/WWW with GUV.
Fluorescence Resonance Energy Transfer (FRET) between P/WWW and Membrane
Lipids. The complexation of P/ WWW with lipid membrane was further studied by FRET. Lipid membranes (Egg PC) contained 1% phosphatidylethanolamine lipid fluorescently labeled with NBD (NBD-PE) as the fluorescence donor. Copolymers P/WWW/Rh and P/LOEt/Rh contained rhodamine as the fluorescence acceptor covalently bound to PMLA backbone. Energy transfer was observed for both copolymers P/LOEt/Rh and P/WWW/Rh indicated by an increase in fluorescence intensity for rhodamine acceptor at 585 nm and a decrease for donor NBD at 535 nm at pH 7.4 ( Figures 5(a) and 5(b) ) measured 30 minutes after mixing. However, the increase in rhodamine emission intensity at 585 nm by P/WWW/Rh was unexpectedly much less ( Figure 5(a) ) than that of P/LOEt/Rh ( Figure 5(b) ), on the basis of the similar energy transfer for both copolymers. In fact, at identical concentration the fluorescence of free P/WWW/Rh was only 15% of the fluorescence for free P/LOEt/Rh in the absence of liposomes ( Figure 5(c) ) explaining the smaller fluorescence emission increase for P/WWW/Rh in the FRET experiment Figure 5 (a). After accounting for this difference, the FRET has occurred similarly for liposome/P/WWW and liposome/P/LOEt. In summary, these experiments confirm complex formation of P/WWW and liposome. We do not rule out that metastability exists during the FRET measurement [30] , but such metastability did not affect our FRET measurement.
Discussion
The lipid membrane of a cell acts as an encapsulating barrier isolating and protecting cellular contents and cell autonomy. Membranes have multiple essential roles managing communication in the context of the embedding organism and in the response to incoming signals and their tuning with cellautonomous programs. The lipid composition of a cell reflects its function within the embedding organism. Various types of nature-made molecules have been reported for interactions with lipid membranes including peptides [18, 21, 31] , proteins [32, 33] , and also synthetic polymers [4, 14, 34] . Their varying molecular composition explains different modes and affinities of interactions with the surface and the lipid layer of particular membranes, and their often complex biological properties including binding, membrane permeation, and cellular uptake or escape. Driven by the high interest in the mechanism of pharmacologic functions, peptides, such as antimicrobial peptides [18] and cell penetrating peptides [31] , have been studied in detail. Chemical composition, structure, and solvent properties are of interest in this context. More and more water soluble polymers are being used in the formulation of drug carriers and the understanding of the membrane-polymer interaction is essential for their design to be successful. While the chemical composition, structure, and solvent properties of the copolymers contribute to the reactions, membrane composition, tension, fluidity, scrambling, and the tendency for pore are contributing factors. In our investigation, they have not been taken into account while we have focused on the effects of copolymers of polymalic acid, a biodegradable and highly biologically efficient platform of covalent nanodrugs.
The controlled composition and distribution of electrostatically charged, nonpolar, and/or hydrophobic residues have made it possible to synthesize nanocarriers which are responsive to the pH of the environment. For example, polycations such as positively charged polyethylenimine (PEI) at physiological pH (pH 7.4) bind electrostatically anionic head groups of membranes. The resulting local destabilization and disruption render the lipid layer leaky for the nanocarrier and can be used for cytoplasmic delivery of DNA and siRNA through cellular membranes [35] . However, this method is limited, because the damage is not cell specific and can be rather toxic [36, 37] . We have chosen a polyanionic polymer, polymalic acid, which is safe, because it does not bind to negatively charged membranes. By the conjugation with hydrophobic amino acid derivatives, typically L-trileucine, Lleucine ethyl ester, and now L-tritryptophan, PMLA acquired the capability for interacting with lipid membranes and was safe and efficient for cytoplasmic delivery of antisense oligonucleotides and other drugs [8] [9] [10] .
Tryptophan has been found in membrane interactive antimicrobial peptides and cell penetrating peptides [38, 39] . This nonpolar hydrophobic amino acid has a large indole functional group, which by insertion into a hydrophobic lipid bilayer can make strong hydrophobic contacts. Its hydrophilic and hydrophobic attributes make it ideal for its insertion into lipid membranes [40] .
On the basis of a liposomal assay to study membrane lysis, we have previously selected the PMLA copolymers P/LLL, P/LOEt/, and P/WWW as typical representatives for efficiently inducing liposome leakage [14] . P/LLL showed pH sensitive liposome leakage while that for P/LOEt and P/WWW was pH independent (pH range 5-7.5). Apparent pK a 's of P/LLL and P/WWW were measured by base titration and found pK a (app.) values of 5.5 and 5.8, respectively. The leakage seen for P/LLL required that the terminal carboxylate of LLL was neutralized in order to destabilize the membrane [14] . The affinity of the leucyl moieties due to ionization of the terminal carboxylic group at higher pH (>6) could obviously not compensate for the electrostatic repulsion between terminal carboxylates and the membrane. In the case of P/WWW, the ionization of the terminal carboxyl group and its hydration did not exclude an apparent interaction with the hydrophobic lipid layer allowing in the pH range 5-7.5 SE-HPLC (Figure 3) . One of the reasons could be that the geometry of the tripeptide allowed at least partial insertion of the indole rings. GUV confocal microscopy ( Figure 4 ) [10] and FRET ( Figure 5 ) are in support of this interpretation, together with previous other results reporting the promotion of peptide uptake by Trp containing peptides [33] .
Results of confocal microscopy and FRET experiments ( Figure 5 ) for P/WWW and P/LOEt as well as data published for P/LOEt [15] provide evidence that the copolymers bind to liposome membranes in a similar fashion, which has been described in the case of P/LOEt as the "carpet mode." We hypothesize that at a low copolymer-lipid ratio P/WWW also assumes the carpet mode. However, in the case of P/WWW, this mode is unstable and transits to the "belt" mode at higher concentration ratios and physical treatment leading to the formation of the particles 10.6 nm ( Figure 3 ) and 33 nm (Figure 2 ). We hypothesize that the physical background of the transition is explained as follows: the LOEt side chains are electrostatically neutral and penetrate into the lipid layer by virtue of their lipophilicity and the polymer backbone arranges parallel to the membrane surface. In the case of WWW the tryptophan side chains are inserted only partially into the lipid layer, while the charged terminal carboxylate on WWW is excluded and stays on the membrane surface ( Figure 6(a) ). This carpet configuration is energetically metastable because it interferes with the ordered structure in the lipid layer and provokes electrostatic repulsion between the copolymer carboxylates and the negatively charged head groups at the membrane surface.
The metastable constrained carpet configuration relaxes during physical agitation (stirring and shaking of the reaction mixture) by assuming the "belt-" like configuration. In the "belt" configuration, the terminal carboxylates of WWW and of the polymer orient orthogonally away from the bilayer surface while the indole tryptophan side chains intercalate into the lipid layer ( Figure 6(b) ). Because the negatively charged groups of P/WWW and polymalic acid are now remote from the ionized head groups and the deeper intercalation provides additional hydrophobic binding energy, the new configuration is energetically minimized (Figure 6(c) ). We hypothesize that the relaxation from the strained configuration on the membrane surface into the energy favored belt configuration provides the driving force for the translocation.
Even though P/WWW exhibited the capability for solubilizing lipid membranes, this reaction occurred only under vortexing and sonication. Under nonagitating condition, "belt" formation is latent or becomes only slowly established. The transition to belt formation leading to solubilization would depend on membrane fluidity and thus on membrane Figure 6 : Hypothetic process of membrane solubilization by P/WWW in three steps. (a) P/WWW molecules first bind to lipid membrane in a carpet-like mode with strong affinity of the tryptophan side chains to the lipid layer. However, the carboxylates of the copolymer interact unfavorably with the charged lipid head group of the outer bilayer surface. (b) Under physical agitation, the latent instability induces a reorganization of the primary P/WWW-lipid complex whereby the copolymer chain starts to move into positions where the carboxylate groups locate between the two layers of charged head groups thereby minimizing the free energy. (c) The transition into the new configuration involves the cooperation of several P/WWW chains and the physical agitation. Multiple P/WWW molecules assume a finally stable configuration in which several polymer molecules constitute belts around single lipid packages. The packages are detached from the original membrane in a process observed as the dissolution of the membrane. composition and elevated temperature. The "belt" type mechanism of membrane dissolution is based on an alternating distribution of hydrophobic and hydrophilic groups along a polymer which is sufficiently long to form a belt around a raft of lipids. The discussed mode of membrane solubilization is different from the well-established solubilization of liposomes by detergents, because detergents typically have only a few molecular regions of high lipophilicity and hydrophilicity, and they have the spatial molecular adaptability to form mixed micelles with lipids [41, 42] . Moreover, detergents generally are of low molecular mass (small molecular size) and do not have the size to span a lipid raft to form a belt.
Although our model may not take into account the full complexity of possible multiple contributions such as molecular mechanisms of penetration, translocation, pore opening, and stability of dispersed interfaces, it provides a useful working hypothesis. Copolymers with a belt forming capability could offer new pharmaceutical applications. When cancer cells were incubated with P/WWW, we did not notice a disintegration of cell membranes. Only mild toxicity was observed at a high concentration of P/WWW (2 mg/mL) [14] . Nevertheless spontaneously P/WWW induced membrane damage on the pathway of solubilization could occur with anomalous or specialized membranes of extreme composition and membrane fluidity and/or under particular conditions such as hyperthermic treatment of cancer [43] .
While P/WWW could be valuable to target and disintegrate malignant cells with the indication of high membrane fluidity, for application in cytoplasmic drug delivery, it remains to be shown whether a direct membranolytic pathway into the cytoplasm is manageable selectively for malignant cells typically having high membrane fluidity, thus favorable over endosome delivery.
Conclusion
In this work we demonstrated a membrane interacting mode which is unique for copolymer P/WWW as distinct from the interaction of copolymers P/LLL and P/LOEt previously termed "barrel stave" and "carpet" modes of membrane interaction. P/WWW and membrane initially form carpetlike complexes, but these are instable and transform under mechanical agitation into stable and soluble belt-like complexes. The overall mechanism is distinctly different from the mechanisms of P/LLL and P/LOEt and also different from liposome dissolution by detergents. We consider the belt forming mechanism by P/WWW to be the most invasive one leading to dissolution under conditions of high membrane fluidity. 
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